The hourglass shape of the main nebula is consistent with the predictions of the generalised interacting winds hypothesis for planetary nebula formation.
Introduction
MyCnl8 (PK307-4'1) is a planetary nebula (PN) named after its discoverers, Mayall & Cannon (1940) . Schwarz, Corradi, & Melnick (1992) obtained ground-based images which show a striking resemblance to the triple-ring nebula around SN1987A (Burrows et al. 1995) . Corradi & Schwarz (1993) (hereafter CS93) obtained images and long-slit spectra of MyCnl8 and concluded from optical and near-infrared diagnostics that it is a young PN. The Of(h) central star has an effective temperature of 51,000 E(. The nebular expansion velocity determined from [0 III1X5007 emission is 10 km s-' (Gleizes, Acker & Stenholm 1989) , lower than the value indicated by the 48 km s-' velocity spread seen in the [N 111x6548 spectrum (CS93) . As is true for most PNs, the distance to MyCnl8 is uncertain and estimates span a broad range from 800 to 3200 PC. More recent determinations favor larger distances and in this paper we have followed CS93 and adopted 2.4 kpc.
We have 'obtained images of MyCnl8 with the Wide Field & Planetary Camera 2 (WFPC2) on the Hubble Space Telescope. We present these images here and use them to investigate the structure of MyCnlS. In $2 we describe our observations. In $3 we present our observational results. In $4
we discuss how the nebula might have formed. In $5 we summarise our results and conclusions. Detailed spatio-kinematic modelling of the nebula, which will be of particular use to theorists attempting to match gas-dynamic models to this nebula, is presented in a following paper (Dayal et a1 1999, hereafter Paper 2).
Observations
MyCnl8 was imaged using the Planetary Camera of WFPC2, which has a field of view of 34" X 34" and scale of U.'0456/pixel (Trauger et al. 1994) . Observations were made in The F547M image is dominated by nebular continuum emission rather then weak line emission or scattered light from the star. The only significant nebular line in the filter is [N 111 5755 A, whose strength relative to Ha suggests that it contributes less than 3% of the observed emission . The theoretical ratio of nebular continuum to Ha ''the sign of the declination increments in their long-slit spectrum is flipped ~ H. Schwarz 1995, private communication r -5 - flux suggests that the former has a flux density of about 9.5 Jy (Osterbrock 1989; Brown & Mathews 1970) . The closeness of this to the 9.8 Jy we measure suggests that light scattered by dust makes an insignificant contribution. This conclusion is further bolstered by the similarity between the radial profiles in Ha and continuum emission (Fig. 3) .
The Components and Structure of the Nebula
We now describe the different structural components of MyCnl8, together with the relative distribution of Ha, [N 111, and [0 1111 emission (Fig. 4 Fig. 4b ) -the values of the [N 111 contrast ratio lie in the range 1.7-2.5 and are typically 10-35% higher than those for Ha. The mottling and etchings disappear at smaller radii, and the walls of the hourglass present a smoother appearance. The [N 111-to-Ha ratio is higher in the etched/mottled regions compared to the smooth region by a factor 1.5 (see Fig. 3 ). The nebula measures about 18" along its long axis, and has a maximum width of about 8/.'5.
In the innermost region, we find a pair of intersecting elliptical rings which appear to be the rims of a small inner hourglass (see Figure 2a) . Within this hourglass, we find Ring cm from the center of MyCnl8. They probably belong to the larger collection of blobs representing a knotty, bipolar 500 km s-l outflow from MyCnl8 (Bryce et al. 1997) . A rough estimate of the mass of ionised gas within each of these blobs derived from their Ha flux, assuming T,=(0.5-2) x104 K, is a fewxlO-'Ma. The mass of these blobs can be compared to the total nebular mass of MyCnl8, estimated by modeling its IRAS far-infrared fluxes using the 2-component dust emission model of Sahai et al. (1991) (and scaling by a typical gas-to-dust ratio). The color-corrected IRAS fluxes used are 2.0, 22.5, 22.4 and 12.6 Jy at 12, 25, 60, and 100 pm. Assuming a dust emissivity of 150 cm2g-l at 60 pm (Jura 1986) , with a X-" power-law variation and p=1.0(1.5), we find that the masses and temperatures of the 2 components are 3.3(5.6) x~O -~ and 0.4(1.1) x~O -~ Ma and 89(75) and 160(132) E(. We convert this to a total nebular mass of "(0.02-0.1) Ma, using the poorly known gas-to-dust ratio in PNs, which spans a range of values from 50 in the Ring Nebula (Zhang et al. 1994) Zhang et al. 1994) . We conclude that the mass of gas ejected in the high-velocity blobs is a factor lop3 or less of the total nebular mass of MyCnl8.
Centers and Misalignments
The The star seen about 2'!3 north of the central star is probably a field star seen in projection against the nebula. Even if it were located within the nebula, it is too far away from the central star to have affected its evolution. and H a images outside the hourglass indicates that the fast outflow has broken out of the confining shell of swept-up gas along the polar directions into a surrounding more tenuous CSE (Garcia-Segura & Mac Low 1994). The thin shell of compressed gas which forms the walls of the hourglass is subject to various instabilities, including the Kelvin-Helmholtz, the Rayleigh-Taylor, and the "nonlinear thin shell" (Vishniac 1994) instabilities. These instabilities will act to produce locally overdense regions (Blondin & Lundqvist 1993 , Dwarkadas & Balick 1998 . Indeed, the arc-like etchings and mottlings appearing on the walls of the hourglass may be manifestations of such instabilities is smooth closer to the center of the nebula, but is broken up further away due to dynamical -10 -instabilities (see Fig. 3 of Borkowski, Blondin & Harrington 1997) , qualitatively resembling the case of MyCnl8, where the etchings and mottlings appear only in the more distant regions of the hourglass walls. Alternatively, the etchings may be the remnants of thin dense shells in the progenitor AGB CSE, similar to the arcs found in the protoplanetary nebula CRL2688 (Sahai et al. 1998b ).
Formation of the Etched Hourglass Nebula
It is difficult to accurately constrain the properties of the progenitor dense AGB CSE which evolved into MyCnl8 without the aid of detailed hydrodynamic modeling. However, we can make rough estimates of its mass-loss timescale and mass-loss rate. From our spatio-kinematic model in Paper 2, we find that (a) the mass of ionised gas in the hourglass walls is 0.013 M a , (b) the expansion timescale for the walls is 1000-2000 yr, and (c) the density of the hourglass at a latitude of 32" (or R = 1.3 x 1017 em) is about 1350 ~m -~.
We conservatively take the density of the undisturbed AGB CSE at this radius to be a factor 3 lower, to fit the large (Nfactor 10) contrast in brightness between the Ha intensity in the hourglass walls and neighbouring locations on the outside of the walls. Numerical GISW models of bipolar PNs with radiative losses show that this density contrast factor varies from ~2 -1 0 going from low to high latitudes (Mellema 1993) . This would imply an AGB mass-loss rate, M ,~G B =~ x lop6 Ma yr-', assuming a typical AGB mass-ejection velocity, VAGB=~O km s-'. Although we do not directly know what fraction of the AGB CSE has been swept up into the hourglass shell, it clearly must be a significant fraction, as the fast outflow has already broken out of the dense CSE. Assuming this fraction to be 1/2 and knowing the mass of the hourglass walls, we derive an AGB mass-loss time-scale of qoSs z 13000 yr, a value roughly consistent with the 11000 yr required for the slow wind to reach the observed size of the nebula, and significantly larger than.the expansion timescales for the hourglass walls.
The Central Region
The GISW model can qualitatively explain important features of the hourglass structure in MyCnl8, but it does not address the complexities of the central region. These include the existence of the inner hourglass and Ring 2, and the offsets of the central star from the geometrical centers of the outer and inner hourglasses, Ring 1 and Ring 2.
The inner hourglass, like the outer hourglass, might also be produced by interacting winds. This would require the presence of a second, equatorially-concentrated, dense, slowly expanding CSE, interacting with a fast wind. Such a scenario has not been considered in the GISW model. We now discuss mechanisms for producing the central star offset through an asymmetric mass-ejection of the progenitor AGB CSE. The first mechanism invokes a proper motion given to the star as a reaction to an intrinsic asymmetry in the mass-ejection of the progenitor AGB star. Over the course of a rotation period, the net reaction force on the star will of course be zero. Thus, the reaction must have acted for a time that is less than the rotational period of the progenitor AGB star (probably less than a few hundred years, scaling from the Sun's rotation period), and the star must have travelled to its current position in this time. This requires a proper motion of order 10 km s-l and a force of order 0.05Ma km s-l yr-l. This is significantly larger than the reaction that can be extracted from the wind (<MAGB x V A~B ) , which is of order lOP4Ma km s-l yr-l.
A second mechanism is one in which the central star is a close binary, with the more evolved star being the visible central star in our images. Mass transfer onto the surface of this star might have resulted in an explosive event which produced an expanding shell of ejecta and formed Ring 1. The center of mass of this shell would share the same velocity as the star in it orbital motion at the time of ejection, and since it would not be gravitationally bound to the binary system, it would move away from the binary system. We reject this model for the following reasons. The explosive event, qualitatively similar to a nova outburst due to thermonuclear runaway, is expected to eject a shell with velocities on the order of hundreds of kms-' (Kovetz & Prialnik 1994 , Shankar, Livio & Truran 1991 .
However, the long-slit spectrum of CS93 shows that the velocities in the inner regions of the nebula (Ring 1) are of the order of 10 kms-l. Secondly, the likely candidate for the star which donates material to the hot star is a red giant, but the observed 2pm flux density of 0.033 Jy (see 53.3) is much lower than that expected for a red giant. For example, a L = 3000 La red giant with Teff = 3000 K produces a flux density of roughly 5.5 Jy at 2.4
kpc. Finally, this model also does not explain the offset of the central star with respect to the large hourglass structure.
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The third mechanism invokes binarity of the central star (the companion to which is not seen and so must be less luminous). This admits the two cases of a close binary with a separation less than about 100 AU and a wide binary with a larger separation. Soker et al. (1998) have presented an analytical, highly idealized model of a close binary. The basic idea is that the net outflow speed of the ejected mass, averaged over many orbital cycles, might be different in different directions, and this will lead to an offset in the star's position from the center of symmetry of the resulting AGB CSE. This model may account for the offset of the central star from the center of Ring 1, but does not explain the offset of the star from the center of the extended hourglass structure. Nonetheless we believe it provides a plausible mechanism for producing an offset between the location of the central star and the center of symmetry of its ejecta, and deserves to be explored in greater detail.
For wide binaries, the orbital period may be comparable to or larger than the ejection timescale of the slow wind. Soker (1994) concludes that this will result in not only a displacement of the star, but may also produce large deviations from axisymmetry in the AGB CSE. Since MyCnl8 appears to have a well-defined axis of symmetry, a wide binary scenario appears unlikely.
Our F547M image enables us to constrain the luminosity of any well-separated companion to the central star. Although this constraint is not useful for the close binary model (Soker et al. (1998) ), it may be of value for new theoretical models. We find that the 30 lower limit on mv for companions with separation of 500-1000 AU are 20.3-23.8 mag. A binary star scenario is attractive for other reasons. Binarity can produce, directly or indirectly, asymmetries through the formation of a dense equatorial accretion/excretion disk (Morris 1987), high-velocity collimated outflows (Soker & Livio 1994, ST98) , or an equatorially flattened common envelope (Livio 1993) . In these contexts, Ring 1 may find a natural explanation as the dense equatorial waist of an hourglass-shaped PN produced via the GISW scenario. However, the origins of Ring 2 and the inner hourglass still remain a puzzle. It is noteworthy that inner and outer hourglass structures have been shown to exist in two other evolved objects whose central stars are symbiotic binaries -through direct imaging in the case of He2-104 (CS93, ST98), and through analysis of long-slit spectroscopic observations in R Aqr (Solf & Ulrich 1985) . R Aqr also shows a jet-like outflow whose axis has changed over time (Hollis, Pedelty, & Kafatos 1997) , supporting ST98's hypothesis that such outflows play an important role in the shaping of PN in general, and MyCnl8, in particular ($4.1).
. Conclusions
We have obtained emission-line and continuum images of MyCnl8 with WFPC2 on HST. These images show an hourglass-shaped structure. A series of arcs appear to be etched on the walls of the larger, outer hourglass near its rims, giving it its name. Faint, distant, low-excitation blobs are found near the long axis of the nebula. These are probably part of the high-velocity bipolar outflow which has been observed previously in MyCnl8.
In the complex central region of the nebula we find a smaller, inner hourglass and two rings. Ring 1 is a bright elliptical ring defining the outer hourglass waist. Ring 2 is a smaller, higher-excitation ring. The inner and outer hourglasses, & Ring 1 and Ring 2 have different centers and none are centered on the central star.
Although the GISW model for planetary nebula formation can qualitatively explain the shape and kinematics of the outer hourglass, the complex inner nebular structure and the -15 -offsets of the central star from the center of the nebula components remain a mystery. We believe that it is likely that a successful explanation of these will involve a binary central star.
This work was supported by NASA grant NAS 7-1260 to the WFPC2 IDT. We are grateful to Will Henney, Mark Morris, and Michael Richer for useful suggestions. decreased by a factor 10 compared to the other 3 W F chips. The faint yellow nebulosities seen north of the main nebula represent low-excitation gas which was ejected from the central star at significantly higher speeds than the expansion velocity of the main nebula. [N 111x6586, and 29% transmission at [N 111x6548. The [N 111 X6548 line is 1/3 the strength of [N 111x6586 in PNs on both observational ) and theoretical grounds, hence the combined effect is equivalent to a 14% contamination by X6586 (see e.g. Harrington et al. 1997 
